Objective: To evaluate the cost-effectiveness of adding endovascular thrombectomy to standard care in patients with acute ischemic stroke.
Hence, improved acute care is relevant not only from a medical perspective but also from an economic standpoint.
Intra-arterial treatment has been suggested for patients with proximal occlusions of the major intracranial arteries, 10 which can be administered both pharmacologically and with thrombectomy. The first endovascular randomized controlled trials ( [11] [12] [13] without neuroimaging criteria of large-vessel occlusion and using less effective devices were not more effective than using IV tissue plasminogen activator. However, the intervention has been refined, and 5 more recently published studies used effective stent retrievers, more rapid door-to-groin puncture, and neuroimaging criteria of proximal vessel occlusion. These randomized studies-Endovascular Treatment for Small Core and Proximal Occlusion Ischemic Stroke (ESCAPE), 14 Extending the Time for Thrombolysis in Emergency Neurological Deficits-Intra-Arterial (EXTEND-IA), 15 Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic Stroke in the Netherlands (MR CLEAN), 10 Endovascular Revascularization With Solitaire Device Versus Best Medical Therapy in Anterior Circulation Stroke Within 8 Hours (REVASCAT), 16 and Solitaire with the Intention for Thrombectomy as Primary Endovascular Treatment for Acute Ischemic Stroke (SWIFT PRIME) 17 -have shown clear benefits of adding endovascular treatment (primarily thrombectomy) to standard care. These studies presented short-term (3-month follow-up) outcome while the long-term effects of the treatment are yet to be studied.
The aim of this study was to simulate the long-term effects of adding endovascular treatment to standard care in patients with acute ischemic stroke. In addition, the long-term estimates of costs and clinical effects were used to analyze the cost-effectiveness of the treatment.
METHODS Analytic approach. The cost-effectiveness analysis of endovascular treatment in patients with acute ischemic stroke was based on a decision-analytic Markov model. The Markov model is a mathematical model that consists of a number of health states in which the simulated individual can be in and move between. The model is statistically defined as a discrete-time stochastic process consisting of the Markov property. This implies that the future behavior of the model depends only on the current health state of the simulated individual and not on the previous events. Hence, tunnel states were applied in the model to incorporate memory factor and time dependency. Using this simulation model, we estimated the lifelong costs and effects of adding endovascular treatment (mainly thrombectomy) to hypothetical individuals who matched the population of the 5 randomized studies 10, [14] [15] [16] [17] in terms of age and sex distribution. The model approach enabled us to combine the data from short-term randomized controlled trials (RCTs) with that of long-term observational studies in order to make long-term extrapolations. The primary outcome of the model was the cost per gained quality-adjusted life-year (QALY). The analysis had a health care payer perspective (including costs for hospital care, primary care, and residential care) and used a lifelong time horizon. A 3% discount rate was used for both costs and effects throughout the model. In order to make the analysis as consistent as possible, we mainly used cost and population data from a Swedish setting. Both deterministic and probabilistic sensitivity analyses were performed to study the uncertainty of the parameters and assumptions. (Figure e-1 on the Neurology ® Web site at Neurology.org describes the core health states and fundamentals of the model.)
Outcome after stroke. The short-term clinical outcome, defined in this analysis as the outcome during the first 90 days, was for the base case scenario entirely based on pooled data from the ESCAPE, EXTEND-IA, MR CLEAN, REVASCAT, and SWIFT PRIME studies. However, the result of using data from each study separately was also presented. The main outcome data applied from these studies were the modified Rankin Scale (mRS) data obtained after 90 days. The mRS was introduced 18 in 1957 and later modified into the current version in 1988. 19 It is a commonly used tool to measure the degree of dependency or level of global disability after a stroke (0 implies no disability; 6 indicates dead). The global disability score is strongly connected to the costs 9 and quality of life 5 in patients, which makes it ideal for our analysis. The randomized, multicenter studies ESCAPE, MR CLEAN, REVASCAT, and SWIFT PRIME collected mRS data after 90 days as the primary endpoint while EXTEND-IA had mRS at 90 days as secondary endpoint. In the MR CLEAN study, 233 patients were assigned to intra-arterial treatment (including thrombolytic agent, thrombectomy, or both) in addition to standard care, while 267 patients in the control group received only the latter. The studies, ESCAPE, EXTEND-IA, REVASCAT, and SWIFT PRIME, were all stopped early for ethical reasons after the results from the MR CLEAN study were presented. In these studies, 165, 35, 103, and 98 patients, respectively, were assigned to receive endovascular treatment along with standard care. The outcome for these patients was compared with that of 150, 35, 103, and 98 randomized patients of the control group who received only standard care. Details of the pooled data from the 5 studies, which were used in the model as the base case scenario, are presented in figure 1 . The data were pooled with respect to the number of patients with each mRS score in each study and a b distribution was used to handle the statistical uncertainty.
The short-term outcome after the first 90 days was extrapolated to a lifelong time horizon based on the expected stroke recurrence and mortality in the simulated population (see figure e-1 for a schematic figure of the extrapolation). The mRS score in the simulated individuals was expected to remain the same until they either experienced a recurrent stroke or died (but their quality of life could change for non-stroke-related reasons; see Utility weights). This was a conservative assumption based on the modest functional decline observed in the Manhattan Study. 20 The recurrence rate of stroke was obtained from a study with up to 10 years of follow-up data in northern Sweden. 21 After the 10th year, the mean recurrence rate (2.4%) of years 5-10 from the same study was used for the remainder of the simulated patients' life. The risk that a recurrent stroke increased the mRS score in the affected individuals was conservatively assumed to be the same as in the control group in the pooled data of the 5 thrombectomy studies presented in figure 1 . However, the patients could only transition to health states with the same or with a worse mRS score as compared to the pre-restroke health state. For instance, in the case of a recurrent stroke, an individual with mRS score 3 had a 43% (the added probability to get mRS 0-3 after the index stroke) chance of remaining in the same health state but had a 25%, 14%, and 18% risk of transitioning to mRS score 4, 5, and 6 (dead), respectively (figure 1).
In the base case scenario, the long-term annual mortality risk (.1 year) was approximately twice as high as in the general population of Sweden 22 (hazard ratio [HR] 2.0) for both the treatment and the control group. The HR used was obtained from the mean value of 2 studies: a study of long-term stroke survival in individuals with atrial fibrillation (HR 2.1; 95% confidence interval [CI] 1.8-2.5) 23 and a study of first-ever stroke survivors (HR 2.0; 95% CI 1.7-2.5). 24 Utility weights. Age-dependent utility weights based on population data were used in the model, 25 which enabled us to handle decline in health-related quality of life caused by reasons other than stroke. Utility decrements based on global disability (mRS score) in the simulated individuals after stroke and restroke were used throughout our model. 5 The observational study used in our model was only available as an abstract; therefore, the sensitivity of this parameter was tested by using the other published data that we could identify. 26 Cost. The costs for the first year after the initial stroke and restroke were obtained from a Swedish study that included data regarding the costs incurred for acute visit, rehabilitation and follow-up, drugs, home assistance, and residential housing. 27 Cost multipliers (relative costs), as presented by Dawson et al., 9 were used to distribute the costs according to the mRS score.
The same approach was used for determining the long-term stroke-related costs in the simulated patients. The long-term data regarding yearly cost for health care, home assistance, and residential housing, provided in the Swedish cost study, 27 was distributed according to the mRS score (0-3 vs 4-5) based on Earnshaw et al. 28 The cost of adding thrombectomy to standard care, $7,908, was obtained from the university hospitals in Gothenburg, Linköping, and Stockholm. All the costs were adjusted according to the inflation rate for the prices in 2015 and the exchange rates applicable as of March 1, 2015 (US Dollar from Swedish Krona, British Pound Sterling, and Euro).
(The details of the cost data used in the model are presented in table e-1.) Figure 1 Functional outcome at 90 days in included studies and the pooled dataset Sensitivity analysis. Two-way sensitivity analyses were conducted to study the importance of uncertain parameters and assumptions (i.e., utility decrements, age of the simulated individuals, cost of adding thrombectomy to standard care, long-term mortality, lifelong time horizon, discount rate, and long-term stroke cost). A probabilistic Monte Carlo simulation was used to study the statistical uncertainty in the model. The probability that the treatment is cost-effective was calculated using a threshold of $10,000 per gained QALY, a conservative threshold compared to what has been suggested in Sweden, the United Kingdom, and the Netherlands.
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RESULTS On the basis of all 5 studies used in this analysis, it was found that the mean mRS score was lower for the group of hypothetical patients who were administered endovascular treatment. Using the model, a slight increase in the mean mRS score of living individuals could be observed over time (table 1) . Figure 2 shows the proportion of the hypothetical individuals who were alive and the average utility weight in the model. Additionally, the figure shows that the treatment is cost neutral for the health care payer after approximately 17 years since stroke.
The lifelong model showed that adding endovascular treatment to guideline-based care resulted in a gain of life-years and QALYs along with a low cost (or cost saving), irrespective of using data from any of the 5 studies separately or using pooled data (table 2) .
Sensitivity analysis. The reliability of the results was tested with probabilistic analyses. These analyses showed that if pooled data from all 5 studies were used, there was a probability of 53% that the intervention was both cost-saving and gained QALYs and a 100% chance of providing QALYs at a cost below $10,000 per unit. Further, if the probability of being cost-effective was calculated based on each study (ESCAPE, EXTEND-IA, MR CLEAN, REVASCAT, or SWIFT PRIME) individually, there is 89%, 90%, 87%, 92%, and 98% chance, respectively, that adding endovascular treatment to standard care resulted in a cost below $10,000 per gained QALY. (Acceptability curves and costeffectiveness planes are shown in figures e-2 and e-3.)
The importance of data sources and assumptions used in this model are presented as 2-way sensitivity analyses in figure 3 . The figure shows that the results were not sensitive to major changes in the long-term stroke cost, cost of adding thrombectomy, time horizon, the HR of stroke on long-term mortality, mRS scores affecting mortality, age of the simulated individuals, discount rate, or use of other utility weights. 26 Adding endovascular treatment to standard care was still cost-saving or resulted in a low cost per gained QALY. DISCUSSION This study showed that adding endovascular thrombectomy to standard care is dominant compared to standard care alone. This implies that the intervention researched in the ESCAPE, EXTEND-IA, MR CLEAN, REVASCAT, and SWIFT PRIME studies not only provides clinical benefits but also saves cost when using a lifelong perspective.
In contrast to the 5 studies used in this analysis, 3 randomized trials (IMS III, MR RESCUE, and SYNTHESIS expansion) [11] [12] [13] published in 2013 failed to show significant improvement when endovascular treatment was added to standard care. Several possible explanations for this have been highlighted previously. 10, 14 For instance, the new types of devices with retrievable stents that were frequently used in the ESCAPE, EXTEND-IA, MR CLEAN, REVASCAT, and SWIFT PRIME studies have shown advantages over the older types of devices. 30, 31 In addition, shorter door-to-groin puncture, use of imaging to identify large-vessel occlusion, and excluding patients with a large infarct core and poor collateral circulation were also assumed to have improved the outcomes. The studies chosen in this cost-effectiveness study showed some differences concerning treatments both in control and in intervention groups. However, these studies were included in the analysis because of their similarities (such as retrievable stent retrievers and advanced neuroimaging). Simulation models, like the one used in this analysis, have limitations when calculating the costeffectiveness, often due to the need of data regarding lifelong costs and effects. In our study, data from several sources were combined to calculate the long-term results instead of founding the analysis on one single large RCT, prospective collected primary data, or a published meta-analysis. This was necessary as no RCTs with long enough follow-up to capture all relevant effects were available. The consequence of the absence of long-term RCT data is that the major uncertainties in the model currently are the long-term effects of thrombectomy on the mortality rate and the mRS score. Another related limitation is that all parameter data used in this analysis might not be generalizable to the population where thrombectomy is currently indicated. 10, [14] [15] [16] [17] However, waiting for long-term follow-up data from the RCTs before making decisions about an implementation would imply an unacceptable time lag for a promising technology. RCTs with long enough follow-up are, as in this case, rarely available when economic evaluations have to be made. Hence, when policy decisions are required to be made by the decision-makers, well-grounded models based on the overall knowledge of the area are useful to consider. The uncertainties should, as in this analysis, be tested using sensitivity analyses. Furthermore, the model analysis should be updated as soon as data from long-term follow-up studies are available.
The long-term effects of endovascular treatment are uncertain. In this study, we assumed that there is no relevant improvement in mRS after 90 days. Instead, the mean mRS score is expected to increase slightly annually through the effects on global disability due to recurrent strokes and comorbidities. Increased global disability due to reasons other than stroke was handled using population data from Sweden. This assumption is supported by evidence from published literature. 20 We used a conservative approach when we assumed that a higher mRS at 90 days after a stroke was not connected with higher long-term mortality. In figure 3 , we provide a scenario where a higher mRS score implied higher mortality. 26 This meant more gain in QALYs but it also meant higher costs as individuals with a high level of dependence lived shorter lives. We also provided a scenario where the HR for the long-term mortality in the stroke population compared to the general population was varied Figure 2 Lifelong model results
The curves show the estimated survival, mean utility weight, and cumulative incremental cost in the model. Cumulative incremental cost represents the net cost of adding endovascular thrombectomy to standard care. ET 5 endovascular treatment; SC 5 standard care. 1 to 4. The analysis showed that a higher HR made thrombectomy more costly and less effective but the technology still implied a low cost per gained QALY. Thus, even if the effect from thrombectomy on the long-term mortality is uncertain, it does not have a major impact on the general conclusions from the results of the model. In this analysis, we used a conservative approach and only estimated costs and effects directly related to the stroke patients. In addition, the estimated costs are based on the general stroke population, which in Sweden, often have a stroke with mild severity. Thus, the median NIH Stroke Scale score in the national Swedish stroke registry Riksstroke 32 is 3, while subgroups of patients selected for thrombectomy have considerably higher mRS scores. This means that the health economic gains are undervalued in this pragmatic analysis. Implementing a medical intervention that decreased the global disability and dependence after stroke onset might also reduce the burden on patients' relatives. This not only implies gained QALYs but also implies economic gains for the society in terms of fewer hours for providing informal care and thereby less production losses. 7, 33 We did not include informal costs in our calculations as we used a health care payer perspective. Furthermore, to our knowledge, there are no sufficiently detailed data regarding quantity of informal caregivers' support associated with the patients' global disability to be used in the model.
In terms of a cost-effectiveness perspective, it is highly relevant to establish new logistic routines in acute stroke management for implementing the new technology with high priority. This will involve rapid efforts from different parties to identify and strengthen central units to deliver advanced interventional treatment. Furthermore, efficient care chains need to be established between the regional neurovascular centers and the paramedics, community, and specialized non-university hospitals. Urgent requirements will include the mechanisms of handling short-term deficiency of intervention specialists performing thrombectomies and dimensioning a potential expansion. Highly specialized clinics performing a large number of thrombectomies as in the recent highly positive studies are probably a prerequisite for the effectiveness of the intervention while a more widespread expansion could decrease the possibilities of the requirement of high experience and skills in this advanced technology field. However, it will be a challenge to implement thrombectomy in acute stroke in sparsely populated areas, for instance, in northern Europe. Successful implementation in rural areas of this medical breakthrough will require structured care chain for telemedicine consultations, drip-and-ship, and frequent use of the airborne ambulance.
The results of our study showed that the addition of endovascular treatment, including up-to-date stent retrievers, short door-to-groin puncture time, and neuroimaging criteria, to standard care resulted in substantial clinical benefits at low costs. Thrombectomy treatment for an acute ischemic stroke due to proximal artery occlusion seems cost-effective.
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